Radial-axial rolled rings are produced in a hot forming process and the manufacturing still requires the use of allowances to ensure that the dimensions of the finished ring will be inside the given tolerances. To enable the production of near-net shape rings an evaluation of the rolled rings directly after the rolling process is necessary. For this evaluation a combination of image processing and thermal imaging to measure the diameter, the circularity and the surface temperature of rolled rings is pursued. This can help to initiate necessary changes regarding the final dimensions between two rings of the same lot. In this paper, the used imaging system will be briefly introduced and the approach to detect the outer diameter of rolled rings in warm condition as well as results of the image processing will be given and discussed.
Introduction
Radial-axial ring rolling is a hot forming process to produce seamless rings, which are used in several industries. The perfect rolled ring has the desired outer and inner diameter as well as the aimed height and is circular. To ensure these characteristics ring manufacturers use overmeasures, which can be more than 10 mm per dimension. The economical production of a ring by radial-axial ring rolling is influenced by the amount of the used energy and the sum of deployed material. Giorleo et al. (2013) explored by FEM analysis that a reduction of energy is possible for ring rolling production whereas Henkel et al. (1986) the different influences analyzed, which are causal for the addition of machining allowances. Even though these influences are known and a high demand for near net-shape rings, e.g. for dish-shaped rings (Seitz et al., 2013) , the strategy of rolling rings with additional volume is still very common. One requirement to produce near net-shape rings is the possibility to rate rings immediately after the rolling process to be able to initiate changes regarding the rolling strategy between two rings of the same lot. To enable ring manufacturers to evaluate radial-axial rolled rings directly after the rolling process, the Chair of Production Systems (Ruhr-University of Bochum, Germany) is developing an image processing system to determine the inner and outer diameter of rolled rings (max. 3500 mm) as well as a thermographical camera to detect the surface temperature. In addition to both cameras a finite differences model calculates the temperature of the rings' cross section (for rectangular rings). The combination of all gained information leads to a defined state (dimension, temperature) for each ring, which allows for a first evaluation.
Nomenclature

Radial-axial ring rolling
Radial-axial ring rolling is a hot forming process to produce seamless ring with various diameters and cross sections. Modern ring rolling mills are able to produce rings with a diameter up to 9.5 m, a height up to 4 m and unit weight up to 150 t (Koppers and Michl, 2011) . These rings are typically used as bearing parts, flanges, wheel rims for trains or slewing rings (Allwood et al., 2005) . The layout of a ring rolling machine (depicted in Fig. 1 ) comprises a radial and an axial roll gap. The radial roll gap consists of the stationary main roll and the mandrel, which is moved towards the main roll during the rolling process to reduce the rings' thickness. The axial roll gap is located on the opposite side of the machine. The two conic rolls reduce the rings' height by moving the upper axial roll towards the lower roll. Due to the reduction in both rolling gaps and the constancy of the materials volume the rings diameter increases. Therefore, the axial pass has to move backwards. To stabilize the rings' position and to ensure its circularity during the rolling process two guide rolls are positioned on both sides of the ring.
The outer diameter of rolled rings is measured during the process via laser or mechanical sensors. The diameter is measured as distance between the main roll and a diameter gauge, which is installed between the axial rolls on the opposite side of the ring. The last stage of the rolling process is used to ensure the rings' circularity. Thus the upper axial roll is moved away from the ring and forming takes only place in the radial rolling gap between main roll and mandrel. Due to this fact the measuring data of the diameter gauge is inaccurate at the end of the rolling process. Therefore this data is of limited suitability for the evaluation of the rolled ring. Although ring rolling itself is a forming process and therefore without any loss of material, the heating of a rolling blank to a forming temperature (usually over 1,000°Celsius) causes the formation of oxide scale. Generally oxide scale is removed before or at the beginning of the rolling process. Due to this loss of material in the range of one to five percent of the blank volume (Eruc and Shivpuri, 1992 ) and the piercing of the rolling blank before the rolling process, the accurate volume of a rolled ring is unknown and varies (Keeton, 1988) . Certainly, modern ring rolling controls are able to estimate the rings' volume. After the rolling process the outer diameter of the hot ring is often measured manually or rarely with a laser-based system. Due to the hot state of the rolled ring, the unknown volume and the limited number of measures taken, manual measuring is complex. Therefore the manually determined outer diameter of a rolled ring is usually inaccurate. As a consequence a manual, reliable evaluation of a rolled ring cannot take place until the ring has cooled down.
Experimental setup
To allow for a geometrical evaluation of the rolled ring directly after the forming process an image processing system is installed at the ring rolling mill at the Chair of Production Systems. The use of image processing as measuring method for radial-axial rolled rings has already been used successfully by Meier et al. (2011) for a premature detection of rolling mistakes, such as ovality or dishing of the ring. A laser-based measuring system, like the one used by Casotto et al. (2005) for the validation of their model to predict distortions of the ring during the cooling phase, has the drawback that a movement of the ring in front of the laser or moving the laser around the ring is indispensable. The advantage of an image processing system is the possibility to detect a huge amount of data per time unit contactless and without any movement of the ring.
Image processing
To detect the outer and inner diameter of rolled rings a standard camera and lens with 12 mm focal length are used in the experimental setup. Table 1 gives a summary of the used image processing equipment. The image processing camera is mounted 1,620 mm (distance between sensor and rolling table) above the rolling table to capture the whole ring and to detect the rings' diameter after the finished rolling process. Therefore, the field of view is 1120 x 1435 mm. After capturing, the picture is transformed into a binary image with a suited threshold to differ between the glowing ring (depicted in white) and the background (see Fig. 2a ). The transformed image can afterwards be used for edge detection algorithms. To determine the outer diameter of a rolled ring, the edge detection algorithm tries to create the edge of a circle with the edge consisting of brightness changing from bright to dark (Fig. 2b) (for the inner diameter from dark to bright). Subsequently, the diameter of the created circle can be measured and converted from pixel into world coordinates (for calibrated image processing systems). To evaluate the circularity of a rolled ring by using the image processing system, the described method to detect the inner and outer diameter can also be used. According to Lieb et al. (1990) is the deviation of circularity defined as difference between the maximum and the minimum radius of a ring.
Therefore, the edge detection for the outer diameter is used multiple on one image of the ring. For each cycle one different part of the ring is digitally covered (Fig. 2c) . Afterwards the circularity can be calculated considering the measured maximum and minimum diameter according to Eq. (1).
Rolling experiments
To test the image processing system and to prove its general feasibility four rings have been rolled on a Wagner rolling mill type 20/16 -1000/160 (max. radial force 200 kN, max. axial force 160 kN) at the Chair of Production Systems. Table 2 gives an overview about the initial and goal ring geometries, which have been used as default values for CARWIN (software of the ring rolling mill). The chosen ring material is a hot work steel (55NiCrMoV7) for ring 1 &2 and construction steel (S355) for ring 3 & 4. Inside a furnace the rings have been heated to temperature of 1,190°C. The finished design of both rings is sleeve-like.
After finishing the rolling process, all rings haven been positioned manually under the image processing camera as centric as possible to capture an image (see Fig. 3a) . To test the effectiveness of infrared band-elimination filters, the images of ring 1 and 2 have been captured without and the images of ring 3 and 4 with the use of an infrared band-elimination filter.
Parallel another image has been taken by the thermographical camera, which has been mounted at the axial frame. This adjustment of the thermographical camera allows for the capturing of an image, which shows both the outer and the inner surface as well as the upper face of the rolled ring. Fig. 3b) shows the surface temperature of
differ in circumference direction. Therefore only the rectangular to the camera arranged areas of the ring are suited for temperature measuring. Table 3 shows the detected diameters of the introduced image processing system in comparison to manual measured diameters and the data gathered by the diameter gauge (CARWIN), to prove the general feasibility of the used system. The results of all rings show that ring 1 & 2 haven't reached the desired diameter as defined as default value before (compare to Table 2 ). This is caused by the manual termination of the rolling process. The manual measuring has taken place immediately after the capturing of the image. The stated diameters are the average of three measurements per ring.
Results
All captured images show on the hand the presence of scale but on the other hand all captured images could be used for the detection of a diameter. This indicates that even without a descaling facility diameter measuring with image processing technology is possible, if the rings' surface temperature is above 700°C. In general the results in Table 3 show that it is possible to detect the outer diameter of a rolled ring in hot condition by using image processing. Certainly, the diameter detected by the image processing system for ring 1 and 2 deviates from the diameter measured manually or by the diameter gauge. The comparison of the stated diameter by image processing to the particular diameter taken manually or by CARWIN shows that the application of infrared band filters enhances the accuracy of the edges of the measured object. In fact, the rolled rings have a temperature of around 800 to 1,000 °C. Therefore, a certain amount of infrared radiation is captured by the image processing camera and detected as a glow around the rings' edges. By filtering out this radiation, it is possible to enhance the precision of edge-detection significantly.
In general the feasibility of the image processing system for the detection of the diameter of rolled rings is proven by the results of these rolling experiments.
Conclusion
In summary, the approach using image processing and thermal imaging has the aim to enable ring manufacturers to evaluate rolled rings directly after the rolling process and to allow for a prediction of each rings' dimensions in cold condition. To reach this aim an image processing system has been tested to measure the outer diameter of radial-axial rolled rings in warm condition immediately after finishing the rolling process. The results show that the general feasibility is given. To heighten the accuracy of the diameter-measuring of the image processing system a positioning of the camera is essential, due to the fact that the measured diameter is highly influenced by the cameras position.
Thus, further steps will be the installation of a positioning of the camera above the rings' center as well as the application of the thermographical camera to detect the rings' surface temperature automatically and the finite differences model to calculate the temperatures of the rings' cross section. The subsequent combination of the gathered data will allow for a prediction of the cold condition of a radial-axial rolled ring.
